Landfill leachate can present extremely elevated concentrations of ammonium (up to 6,000 mg N-NH þ 4 L 21 ) and a low biodegradable organic matter fraction. As an alternative to conventional systems, this wastewater can be treated on a more sustainable way by a fully autotrophic partial nitritation-anammox system. The operation of the first step of this system, the partial nitritation, is critical since the elevated concentrations of ammonium and nitrite in the reactor can severely inhibit ammonium oxidizing bacteria (AOB) activity. In this way, the inclusion of anoxic phases during the feeding events to promote the denitrification via nitrite can be a good option for upgrading the process performance and increasing the stability of the system. This paper deals with the evaluation of an anoxic -aerobic step-feed strategy for the operation of a partial nitritation SBR. Results of this study have revealed a decrease on the total nitrogen inside the reactor of more than 200 mg N L 21 without prejudice on the partial nitritation process.
INTRODUCTION
Landfilling is one of the most widely employed methods for the disposal of municipal solid wastes (Kurniawan et al. 2006; Wiszniowski et al. 2006) . One of the main environmental concerns which arise from the management of urban landfill sites is the production of urban landfill leachate. These hazardous wastewaters present high variability, but are usually characterized by high concentrations of ammonium and low biodegradable organic matter content. The treatment of this wastewater by conventional nitrification/denitrification may end-up in important expenses associated to aeration and external carbon source addition. Nevertheless, treatments based on a fully autotrophic partial nitritation -anammox system may turn to be a good option for reducing treatment costs.
The first step of this combined system is a partial nitritation process. The main goal of this stage is producing a suitable influent to feed the subsequent anammox reactor, with 1.32 moles NO 2 2 per mole of NH þ 4 (Strous et al. 1998) . Thus, in a partial nitritation process, about half of the influent ammonium is oxidized to nitrite (Equation 1) by ammonium oxidizing bacteria (AOB), while the other half remains unconverted. Nevertheless, the operation of such process can turn to be complicated, since AOB are inhibited by the unionized forms of their substrate and product, NH 3 and HNO 2 (Anthonisen et al. 1976;  concentrations (up to 6,000 mg N-NH þ 4 L 21 ; Kurniawan et al. 2006) .
Furthermore, a partial nitritation process has also to guarantee a complete removal of all biodegradable organic matter present in the leachate, to avoid negative effects on the subsequent anammox process (Chamchoi et al. 2008; Ruscalleda et al. 2008 ). These systems have been traditionally operated under strict aerobic conditions. In this way, organic matter would be removed aerobically. Nevertheless, the elimination of organic matter can be also carried out under anoxic conditions, using nitrite as an electron acceptor (Equation 2; Ahn 2006) .
As a result, anoxic organic matter removal may imply important benefits. On the one hand, no oxygen will be used for organic matter removal purposes, reducing aeration costs. On the other, may allow reducing the total nitrogen concentration inside the reactor, diminishing the inhibitory effects linked to free ammonia and free nitrous acid.
Nevertheless, such strategy may also imply drawbacks, since denitrification process could affect the effluent nitrite to ammonium molar ratio. The aim of this paper is demonstrating the feasibility of achieving a proper operation of a partial nitritation process under an anoxic-aerobic step-feed strategy, as a pre-treatment of landfill leachate for an anammox reactor. In this way, this study will evaluate the process operation and performance, specially focusing on analyzing the short term dynamics.
MATERIALS AND METHODS

Reactor set-up and operation
This study was carried out on a 250 L pilot-scale partial nitritation-sequencing batch reactor (PN-SBR). The reactor was water jacketed, allowing temperature to be controlled by means of a thermostated water bath. In addition, Free ammonia (FA) and free nitrous acid (FNA) concentrations were calculated according to Anthonisen et al. (1976) . Furthermore, oxygen uptake rates (OUR, mg O 2 L 21 h 21 ) were reckoned according to Puig et al. (2005) , and corrected by the volatile suspended solids concentration to obtain the specific OUR (mg O 2 gVSS 21 h 21 ).
Raw leachate
The landfill leachate treated in this study was originated in the Corsa urban landfill site, located in Reus (4186 0 28 00 N, 187 0 4 00 E; Catalonia, Spain). Since the important shortage of alkalinity on the leachate, solid bicarbonate (NaHCO 3 ) was added to the wastewater previous to the treatment. The main characteristics of the leachate after the bicarbonate correction are summarised in Table 1 .
Experimental procedure
The system under study had been successfully operated for about 2 years, treating urban landfill leachate. In this work, the reactor was firstly operated on an anoxic-aerobic step-feed strategy (DN/PN), until achieving a stable performance. Once reached this state, the process was characterized by means of a cycle profile analysis. All 14 sub-cycles presented the same on-line profiles. Thus, it was assumed that every sub-cycle behaved on the same way, and the analysis was focused on one 100-minutes sub-cycle.
RESULTS
PN-SBR performance
The main goal of a partial nitritation system is achieving a suitable nitrite production, avoiding further nitrification to nitrate. In this way, Figure 2a presents the evolution of influent and effluent nitrogen compounds, as well as the NLR, on a 90-days period. In addition, the effluent speciation is presented as a percentage in Figure 2b .
As can be clearly observed in Figure 2a , a successful operation of the reactor was achieved, despite the high ammonium and nitrite concentrations in the reactor (about 1,500-2,500 mg N-NH þ 4 L 21 and 3,000-3,500 mg N-NO 2 2 L 21 , respectively). Furthermore, no significant concentrations of nitrate were detected at the effluent (concentrations always lower than 10 mg N-NO 2 3 L 21 ). From Figure 2a it can also be stated an imbalance of the nitrogen compounds, since total effluent nitrogen (accounting for the sum of effluent ammonium, nitrite and nitrate) was significantly higher than influent ammonium. This difference was due to the organic nitrogen contained in the leachate, which was incorporated to the system by ammonification.
According to the anammox stoichiometry, about 57% of influent ammonium must be converted to nitrite to produce an effluent with the ideal ratio of 1.32 moles of nitrite per , it was possible to adjust the bicarbonate at the influent in accordance to the AOB stoichiometry (Equation 1), reaching conversions around 60%.
Anoxic -aerobic step-feed strategy: sub-cycle analysis
On day 693 the process was characterized through the analysis of the dynamics of the main physical -chemical parameters along a 100 minutes sub-cycle ( Figure 3) . Three different sections can be distinguished in this figure: aerobic reaction (white area), anoxic reaction (stripped area) and feeding on anoxic conditions (gray stripped area). Finally, no data regarding nitrate has been included in the plot due to the low concentrations (always below 10 mg N-NO 2 3 L 21 ). On a theoretical basis, ammonium oxidation to nitrite takes place in the aerobic reaction phase. Thus, nitrite accumulates in the system while, in a parallel way, ammonium is depleted. Nevertheless, a slightly different behaviour was observed in the system. In Figure 3a it can be seen that nitrite concentration faintly increased along this aerobic period. Nevertheless, ammonium concentration also slightly rose during the first 45 minutes of this phase.
This was due to the ammonification of organic nitrogen from the leachate. Then, from minute 1,260 on, when all organic nitrogen had been mineralized, its concentration decreased. During the aerobic reaction phase, inorganic carbon was also depleted as a consequence of the proton production by the nitritation process. In this way its concentration substantially diminished, ending-up in values of 2 mg C L 21 . Regarding pH, it initially increased until values of 7.9 due to the stripping of CO 2 . Then, on minute 1225, it started to progressively decrease, reaching a lower value of 7.2 at the end of this 85-minutes period. In addition, finally reached about minute 1,310. On the last 5 min of the sub-cycle, nitrite concentration decreased by heterotrophic denitrification, while IC and pH values increased to 25 mg C L 21 and 7.75, respectively. Such an increase was mainly due to the fresh leachate supplied to the system, which presented an elevated alkalinity and a basic pH (around 8.0 -8.5), but could be also partly caused by the heterotrophic denitrification contribution.
Finally, note that changes in the nitrogen profile are hardly appreciable since the high nitrogen concentrations, whereas inorganic carbon profile and on-line parameters plots have turned to be more clear indicators of the ongoing processes.
DISCUSSION
Operational strategy design
The design of an operational strategy should be tailor-made, adapted to each specific application. In this way a proper analysis of the process, its goals and constraints is needed in order to identify the improvement opportunities.
The stable operation of a partial nitritation system previous to an anammox reactor is a critical issue, since the elevated concentrations of FA and FNA inside the reactor.
In this way, any action ending-up in a total nitrogen reduction may suppose an enhancement of the process stability. Despite landfill leachate usually present low biodegradable organic matter concentrations, this study aimed to take advantage of this low biodegradable fraction for heterotrophic denitrification purposes.
AOB activity
Since the very low biodegradable organic matter concentrations, assumed to be quickly depleted on the anoxic phase, it could be considered that biological activity during aerobic phase was mainly due to ammonium oxidation.
Thus, OUR may be a good indicator of AOB activity. From in an increase of the activity, since pH would be closer to the optimal (pH opt ). To study in more depth the effect of these two factors over AOB aerobic activity, concentrations of FNA were plotted together with HCO 2 3 (calculated from the IC chemical equilibrium) and OUR. Results are presented in Figure 4 .
As can be observed in the plot, activity declined while bicarbonate was progressively depleted from the system. Such behaviour may fit with a substrate limitation effect. On the other hand, FNA followed an inverse trend, reaching its maximum at the end of the reaction phase, when the OUR were lower. In this sense, the raise of the concentration of this inhibitory compound may have also contributed on reducing AOB activity.
However, despite this analysis clearly points out that HCO 2 3 limitation and inhibition by FNA are the main causes for AOB activity decline at the end of the aerobic phase, further experiments are needed to determine the contribution of each factor on the global activity reduction.
Denitrification
Anoxic phases were included during the feeding events to promote heterotrophic denitrification. Thus, to quantify the success of this strategy, nitrogen compounds were balanced on minute 1300 (when aerobic reaction was finished). In this way a total nitrogen removal of about 200 mg N L 21 was achieved. The theoretical amount of COD needed by N-NO 2 2 denitritation was calculated based on Tchobanoglous et al. (2003) , obtaining a ratio of 1.97 g COD per g N-NO 2 2 denitrified. Thus, about 400 mg COD L 21 were theoretically used for denitrification.
On the other hand, a total amount of 904 mg COD L 21 were eliminated. In this way, less than 50% of the available Although this strategy was not optimal, from the above analysis it can be stated that the inclusion of anoxic phases during the feeding events to promote the use of organic matter for heterotrophic denitrification purposes yielded significant benefits to the system, since the total nitrogen reduction inside the reactor.
CONCLUSIONS
The PN-SBR was successfully operated on an anoxicaerobic step-feed strategy (DN/PN), treating urban landfill leachate. As a result, an effluent presenting a nitrite to ammonium speciation close to the desired was reached.
Despite not being optimal, the DN/PN strategy endedup in a total nitrogen removal around 200 mg N L 21 . Thus, the inclusion of anoxic phases during the feeding events helped to reduce the AOB inhibition by FA and FNA.
AOB activity diminished along the aerobic reaction phase due to bicarbonate limitation and/or free nitrous acid inhibition. Nevertheless, further studies are needed to assess the contribution of each factor and identify the main cause for this activity loss.
